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8§ The stability and transport of radiolabeled Fe,0, par-
ticles were studied using laboratory batch and column
techniques. Core material collected from a shallow sand
and gravel aquifer was used as the immobile column matrix
material. Variables in the study included flow rate, pH,

ionic strength, electrolyte composition, particle concen-
tration, and particle size. Transport was highly dependent
upon colloidal stability. Iron oxide colloids were not only
mobile to a significant extent, but under some hydrogeo-
chemical conditions were transportad faster than tritiated
water, a conservative tracer. The extent of colloid
breakthrough was dependent upon a variety of parameters;
however, the highest statistical correlation was observed
with particle size and anionic composition of the sup-
porting electrolyte. Arsenate was utilized for assessment
of colloid—contaminant and contaminant-aquifer interac-
tions and comparison of dissolved and colloidaily associ-
ated transport in dynamic model systems. The rate of
colloid-associated arsenate transport was over 21 times that
of the dissolved arsenate.

Introduction

Models which predict the transport of inorganic con-
-taminants in subsurface systems have traditionaily been
based on a two-phase approach: the mobile fluid phase
and the immobile solid phase. A gradual consensus has
developed over the past several years, however, that a
three-phase approach, one which incorporates a mobile
solid phase, may be necessary under some
ical conditions. These are solid particles of colloidal dl-
mensions. Colloids are generally regarded as particles
having diameters less than 10 um (1), which tend to remain
suspended in water. Several researchers have investigated
the mobility of colloidal particles in subsurface systems.
Gachwend and Reynolds (2) demonstrated that submicron
ferrous phosphate colloids were suspended and presumably
mobile in a sand and gravel aquifer. Robertson (3) found
that tannin and lignin from a waste pulp liquor plume
migrated in a sand aquifer at close to the average linear
groundwater flow velocity. Ryan and Gschwend (4) found
that, under anoxic conditions, soil colloids were mobilized
due to dissolution of ferric oxyhydroxide coatings that
cemented clay particles to aquifer solids. Wellings (5) and
Mack (6) demonstrated the long-distance transport of
colloidal viruses through soils into groundwater. Field
studies by Nightingaie and Bianchi (7) showed that, under
certain conditions, submicron-sized particles within the
surface-weathered zone are mobilized for some distance
both vertically and laterally and affect groundwater tur-
bidity.

Due to their high specific surface area and reactivity,
mobile inorganic particies consisting of clay minerals,
hydrous iron, and aluminum oxides may significantly affect
the transport of contaminants. In a study by Kim et al.
(8), it was suggested that the transport of some radionu-
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clides in groundwater at Gorleben, Germany, was facili-
tated by the presence of mobile ferric hydroxide particles.
Torok et al. (9) found that Cs transport through soils was
primarily controlled by sorption onto clay particles fol-
lowed by clay particle transport. Others have demon-
strated the facilitated transport of contaminants associated
with reactive mobile colloidal particles in both laboratory
and field studies (10-14). In addition to high reactivity,
colloids must be present in relatively high concentrations
to be a significant transport mechaniam. Recent estimates
of colloidal concentrations in groundwater range as high
as 63 mg/L (4, 14, 15).

Particles with diameters of 0.1-2.0 um may constitute
the most mobile size fraction in porous media. The effi-
ciency of particle removal increases rapidly beyond 1 um
due to sedimentation and/or interception processes,
whereas for particies smailer than 0.1 um, removal occurs
by diffusion (16, 17). In laboratory experiments using sand
columns and carboxylated polystyrene beads that ranged
in size from 0.10 to 0.91 um as model colloids, Reynolds
(18) recovered 45% of the 0.91-um and greater than 70%
of 0.10- and 0.28-um beads. Data of Rundberg in a report
by Nuttall (19) have shown greater breakthrough of 0.91-
than 0.1-um particles in fracture flow column experiments
for the Yucca Mountain project. Penrose et al. (12) found
detectable amounts of plutonium and americium, 3390-m
downgradient from a source, to be tightly or irreversibly
associated with particles between 0.025 and 0.45 um in size.

While considerabie evidence has been gathered to sup-
port the occurrence and environmentai significancé of
colloid mobility, there has been very little work investi-
gating the specific geochemical controls on colloid stability
and transport in natural systema. Cerda (20) demonstrated
that the mobilization of kaolinite fines in laboratory col-
umns was almost totally dependent upon the chemntry
of the fluids present, with maximum mobility occurring
under relatively high saline, weakly alkaline pH conditions.
Repulsive colloidal forces promoting stability were in ev-
idence up to 0.1 M NaCl (pH 9). In laboratory tests,
Eicholz et al. (21) found that cationic nuclides were com-
petitively adsorbed on suspended clay particles that were
shown to be capable of traveling at water flow velocity in
porous mineral columns. I[n simulated aquifer experiments
using sand beds, Champlin and Eichholz (22) demon-
strated that previously “fixed” particles and associated
contaminants may be remobilized by changes in the
aqueous geochemistry of the system. Matijevic et al. (23)
studied the stability and transport of hematite spheres
through packed-bed columns of stainless-steel beads as a
function of pH and the concentration of a variety of simple
and complex electrolytes. Surface charge alterations of the
hematite and stainless-steel beads by different electrolytes
was the dominant factor in particle deposition and de-
tachment.

Moet research efforts have utilized artificial laboratory
model systems (e.g., fluorescent latex microspheres, glass
beads, stainless-steel beads, etc.). The purpose of this work
was to investigate specific aqueous chemical effects on the
mobility of environmentally realistic colloids and their
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Table 1. X-Ray Diffraction Data for Aquifer Solids from
Well 107, Globe, AZ

-

intensity,*

% mineral phase chemical formula
100 quartz Si0,
52 albite NaAlSi,0,
17 magnesium (Fe,Mg)SiO,
orthoferrosilite
17 grunlingite Bi,TeS,
15 taeniolite K 3MgqsLir 25Si7 9g02001F 197
12 muscovite KAlg(sigM)Om(OH.F)g
12 raguinite TiFeS,
10 hercynite FeAl,O,

5 manganese dioxide MnO,

¢ Intensity is relative abundance with the predominant peak ar-
bitrarily set at 100% and the remaining pesks normalized to that
peak height.

potential for transport through natural porous aquifer
media under controlled laboratory conditions. Iron oxide
particles were synthesized to specific size and shape for
use as the mobile colloidal phase. These were deemed
more realistic in terms of their surface charge and density
characteristics. Aquifer material collected from a research
site in Globe, AZ, was used for the column packing material
or immobile phase. Arsenate was selected as a ubiquitous
and hazardous inorganic contaminant. Batch experiments
were performed to evaluate colloid stability and assess the
interactions between the iron oxide particles, the aquifer
matrix, and the dissoived arsenate. Column experiments
were performed to determine the extent of colloid trans-
port and to compare retardation of agueous and colloid-
associated arsenate. Study variables included column flow
rate, pH, ionic strength, electrolyte compoeition (anion/
cation), particle concentration, and particle size.

Materials and Methods

All solutions and suspensions were prepared from
deionized water (DIW, Millipore Corp.). Glassware was
cleaned in 10% HNO, and rinsed several times with DIW
before use. Reagents were analytical grade (Fisher Sci-
entific and Aldrich Chemical) and used as received.

Aquifer Solids. Core material was collected from a site
at Pinal Creek, near Globe, AZ. Previous research at this
site has focused on colloidal considerations in sampling
groundwaters for inorganic contaminants (24). Copper has
been mined since 1903 from granite porphyry adjacent to
an aquifer at the site. A band of unconsolidated alluvium
300-800 m wide, as much as 50 m thick, and ~ 20 km long
forma the upper, central part of the aquifer in a valley
along Miami Wash and Pinal Creek. Most of the sediment
in the alluvium ranges in size from fine sand to coarse
gravel, but clay lenses and boulders are also present.
Alluvial, consolidated, basin fill, more than 100 m thick,
forms the remainder of the aquifer beneath and adjacent
to the unconsolidated alluvium.

In the upper alluvium, hydraulic conductivity is on the
order of 200 m/day on the basis of cross-sectional area,
hydraulic gradient, and measured outflow (25). On the
basis of hydraulic gradients that range from 0.005 to 0.008,
the Darcy velocities near the wells in the upper alluvium
range from 1.0 to 1.7 m/day.

The major mineral phases in the aquifer samples were
identified with X-ray diffraction (XRD) and are listed in
Table I. The pH,,,, or pH at which the net surface charge
of a solid equals zero, is an important parameter affecting
both colloidal stability and the interaction of the colloids
with immobile matrix surfaces. Above the pH,,., minerais
possess a net negative charge, while below this pH, the net

Figure 1. Scanning electron micrograph of approximately 200 nm
diameter Fe,0, particles.

charge is positive. Due to the predominance of silica (pH,,,
~ 2) and other minerals such as layer silicates and man-
ganese oxides, which have pH,.,'s < 4, it was assumed that
the column matrix material would exhibit a net negative
charge under most environmentally relevant pH condi-
tions.

Synthesis of Fe,O, Colloids. Spherical, monodisperse
Fe,0, colloids (100-300 nm) were prepared from solutions
of FeCl; and HCI using the method of Matijevic and
Scheiner (26). The method was modified by the addition
of a apike of **FeCl,, prior to heating, to permit detection
of the colloid with liquid scintillation counting techniques.
The colloids were washed repeatedly with pH 3 deionized
water to remove unreacted materials from the suspensions.
Particle concentration was determined by both filtration
and residue on evaporation techniques to be ~1.5 g/L.
Mass balances were performed to verify the results.
Scanning electron microscopy (SEM) and photon corre-
lation spectroscopy {PCS) were used to confirm particle
size and shape. Figure 1 is a scanning electron micrograph
of the ~200-nm synthesized spherical iron oxide particles.
The surface area of 200-nm uniformly spherical particles
was calculated to be 5.72 m?/g using the equation

A=6X10*/pd (1)

where A is the geometric surface area, p the density, and
d the diameter. While this probably underestimates the
actual surface area due to surface roughness, microporosity,
and shape, it does provide a reasonable estimate.

Fe,0, Surface Characterization. Acid-base titrations
and particle microelectrophoresis were used to characterize
the surface charge properties of the synthesized particles.
Acid-base titrations of the Fe,0, particles were performed
manually in a glovebox under nitrogen, and on the ben-
chtop using an Orion 960 autotitrator. Measurements were
taken using an Orion Roes electrode and additions of acid
or base were recorded carefully. Solutions 0.01 M in
NaOH, HCl, or HCIO, were standardized against potas-
sium hydrogen phthalate and used as the titrants.

The titrations performed on the benchtop with the au-
totitrator were purged by high-purity N, gas, which had
been additionally stripped of CO, with an in-line Ascarite
filter. Aliquots (30 mL) of washed colloids were placed in
180-mL tall-form beakers. Ionic strength adjustments were
made using appropriate weights of NaClO, crystals dis-
solved into the suspension. The suspensions were adjusted
to a starting pH of 4 and allowed to equilibrate for at least
24 h. Titrant additions were programmed for 10-min in-
tervals.
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The glovebox titrations were performed by manually
adding the titrant to 30-mL colloidal suspensions using a
microliter pipet. lonic strength adjustments were made
using appropriate weights of NaCl crystals dissolved into
the suspension, which was then allowed to equilibrate
overnight in the glovebox. Titrant additions were made
when the pH of the suspension appeared stable within the
measuring limits of the electrode (+0.02~0.04 pH/min).
This interval ranged from a low of 13 min away from the
pH_. to 25 min in its vicinity.

Electrophoretic mobility (EM) of the colloids was de-
termined using a Rank Brothers Mark I system with a
four-electrode capillary cell, thermostated at 30 °C, that
was illuminated by a 3-mW neon-helium laser. The sys-
tem was fitted with a video camera coupled to a rotating
prism for acquiring mobility data. Fe,0; suspensions were
prepared at 1:100 dilutions of the washed stock colloidal
suspensions, in various electrolytes, to cover a pH range
from approximately 3 to 10. NaClO, at two ionic strengths,
0.001 and 0.01 M, was utilized as a relatively noninteractive
electrolyte to determine the pH of zero mobility or isoe-
lectric point (pH,,,) of the colloids in the absence of spe-
cifically sorbed species. Mobility was then determined in
0.01 M NaH,POQ, and 0.01 M Na,HAsO,, both specifically
sorbed anions, to assess their impact on electrophoretic
mobility over a range of pH. The constant voltage applied
to the cell was 25 V, 19.5 V as measured acroes the probe
electrodes.

Arsenate Adsorption Experiments. Adsorption of
arsenate to the aquifer solids was performed to determine
its affinity for these surfaces and for comparison of batch
and column-derived solid—solution. distribution values.
Adsorption of arsenate to the Fe,0; particles was also
investigated to determine the adsorption capacity of the
particles and strength of arsenate retention. Preliminary
experiments were performed to determine steady-state
equilibration time and appropriate solid-solution ratio. A
24-h equilibration period and solid-solution ratios of 6 g/30
mL for the aquifer solids and 4.5 mg/30 mL for the Fe,0,
particles were chosen. Triplicate sorption—desorption
experiments were performed in 50-mL Oak Ridge po-
lyallom::- -entrifuge tubes. Initial arsenate concentrations
ranged trom 7 % 107 to 3 x 10¢ M in 0.01 M NaClO,. The
pH range examined was 4-8, and a temperature of ap-
proximately 25 °C was used in all experiments. Samples
were shaken on a rotary shaker throughout the equili-
bration to ensure mixing. After equilibration, samples were
centrifuged at 2560g for 70 min. The supernatant was
additionally filtered through 0.2-uM Nuclepore membrane
filters to prevent the inclusion of solid flocs and micro-
particles in determinations of aqueous concentrations of
arsenate. Samples were acidified with double-distilled
HNO, to pH <2 for analysis with a Jarrell-Ash Model 975
inductively coupled argon plasma (ICAP) or a Perkin-
Elmer Zeeman/3030 atomic absorption spectrophotometer
with graphite furnace (AAGF). Adsorption was deter-
mined by difference between initial and final arsenate
concentrations. Desorption of arsenate from both the iron
oxide particles and the aquifer solids was accomplished by
repeated replacement of the centrate with arsenate-free
0.01 M NaClO, following adsorption. In all experiments,
blanks and stock standards were analyzed and losses to
containers and filters were evaluated.

Colloid /Matrix Interaction Experiments. Interac-
tion of the Fe,O, particles with the aquifer solids was
evaluated in batch experiments for comparison with col-
umn resuits. The duration of these experiments was L h
with shaking, comparable to the colloid~matrix contact
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time for the slowest flow rate used in.the column tests.
The same solid/solution ratios were used as for the ad-
sorption experiments, with triplicate samples and similar
use of blanks. Separation of the radiolabeled particles from
the aquifer solids was accomplished by allowing the sam-
ples to settle for 1 h, followed by withdrawal of 5 mL of
supernatant, which was filtered through a 5-um Nuclepore
filter. Efficiency of 100-nm Fe,0, particle passage through
the 5-um filters was determined to be >99% using the
stock colloidal suspension.

Colloid Stability Experiments. Colloid stability was
evaluated using PCS. Washed stock colloidal suspensions
were used to spike solutions of various electrolyte com-
position, ionic strength, and pH. Samples were allowed
to equilibrate overnight and the pH was readjusted as
necessary. An increase in size of the Fe,0, particles in-
dicated instability. In the pH range where the particles
were most unstable, coagulation was almost instantaneous.
Selected samples were periodically rechecked over several
weeks for confirmation of long-term stability.

Column Transport Experiments. Adjustable-length
glass columns, 2.5-cm diameter, were used for all experi-
ments. An Ismatec variable-speed peristaitic pump and
an Isco Cygnet fraction collector were also used. Aquifer
solids were air-dried and sieved, with the 106-2000-um
fraction used to pack the columns to bulk densities ranging
from 1.5 to 1.7 g/cm3. Assuming a particle density of 2.65
g/cm? for the aquifer solids, the porosity ranged from 0.36
to 0.45. Porous polyethylene beds and 80-um nylon screens
were used to support the matrix aquifer solids in the
column and allowed greater than 99% passage of colloids
through the apparatus during blank runs. Columns were
slowly (0.08 m/day) saturated from below and flushed for
at least 1 week prior to initiation of experimental runs.
Darcy velocities used in the experiments were 0.8, 1.7, and
3.4 m/day. Seven different columns were packed for nu-
merous distinct experiments. The use of multiple columns
was necessary as the injected particles became increasingly
concentrated near the column inlet zone. The number of
different experiments performed on any given column was
therefore dependent upon previous experimental results.
Columns were carefully examined when dismantled to
assess the distribution of retained particles. The first two
columns were operated in a vertical mode with suspensions
injected from the top. The third column was operated
both vertically and horizontally. Replicate runs indicated
no significant differences with column orientation. The
remaining four columns were operated horizontally.
Tritiated water (*HHO) was used as a conservative tracer
to analyze column operation, as well as for transport
comparisons with the injected particles and dissolved ar-
senate. Tritiated water and arsenate were injected until
effluent concentration equaled influent concentration (C,).
For the colloidal transport experiments, the colloidal
suspension and tritiated water injection durations were
equal. The input of the Fe,0; suspensions and arsenate
was followed by background electrolyte of the same com-
position used for the injectates. PCS was used to verify
size and stability of column influent colloidal suspensions,
and comparisons were also made with selected column
effluent samples. The effluent fractions were collected in
polypropylene test tubes over various time intervals de-
pending upon the flow rate and experiment (longer col-
lection times for the dissolved arsenate experiments). A
0.5-mL aliquot from each fraction was mixed with Beck-
man CP cocktail in 7-mL polyethyiene vials and counted
on a (Beckman model) scintillation spectrophotometer for
20 min for the radiolabeled colloid experiments. The ar-
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Figure 2. Surface charge on Fe,0, particies as a function of pH in
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Figure 4. Electrophoretic mobility of Fe,0, particies as a function of
pH in the presence of different concentrations of NaCiO,.

senate experiments were analyzed by ICAP and AAGF.

Results and Discussion

Fe,0, Surface Characterization. Results for the
bench autotitrations (NaClO, background) and the manual
glovebox titrations (NaCl background, are presented in
Figures 2 and 3; respectively. The titration curves in
Figure 2 converge at approximately pi 7; however. the
curves never fully separate again. This is probably due
to insufficient equilibration times between titrant additions
in this region. Figure 3 provides a much more distinct
crossover, indicating that sufficient equilibration time was
allowed for these titrations, but it occurs at a higher pH,
approximately pH 7.3-7.6.

Figures 4 and 5 illustrate the results of electrophoretic
mobility determinations in the absence and presence of
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Figure 5. Electrophoretic mobillty of Fe,0, particles as a function of
pH in the presence of 0.01 M sodium electrolytes of ditferent anionic
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Figwe 8. Stabilty of 150-nm Fe,0, particles as a function of pH in
0.005 M NaClO,.

strongly interacting anions, respectively. The pH,, is
approximately 6.8 in the NaClO,, which corresponds to the
autotitration results in NaClO, (Figure 2). Matijevic et
al. (23) found the pH,,, for similarly synthesized particles
to be pH ~7.

Relatively high concentrations of phosphate have been
observed to enhance colloidal stability through charge
reversal on positively charged particles (27), resulting in
surfaces exhibiting an effective net negative charge at pH
<« pH,,,. This was tested and observed for both phosphate
and arsenate (Figure 5). This charge-reversal effect could
have significant implications in the subsurface if sufficient
amounts of specifically sorbing anions are present and
capable of increasing the repulsion between individual
colloidal particles (increased stability) as well as between
the mobile particles and the immobile matrix minerals,
thus promoting their transport.

Fe,0, Colloid Stability. The stability of 150-nm Fe,0,
particles, suspended in 0.005 M NaClO,, from pH 3 to 11,
is shown in Figure 6. The Fe,0; particles were stable in
0.01 M NaClO, and 0.01 M NaCl over the pH ranges
2.0-6.5 and 9.7-11.0. From pH 6.5 to 7.6, in the vicinity
of the p the colloids were very unstable, even in ex-
tremely dilute electrolytes or deionized water. In 0.005 M
NaClO, and 0.005 M NaCl, from pH 7.6 to 9.7, the colloids
were quasi-stable; that is, the kinetics of coagulation were
slow (several hours). This was also observed in 0.01 M
Na,SO, over the pH range 7.6-11. Therefore, column
influent and effluent particle size was monitored
throughout the column experiments.

An example of increasing particle size with the onset of
coagulation or instability is shown in Figure 7. Over the
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Figure 8. Freundiich isotherm data for arsenate adsorption on Globe,
Az, aquifer solids (pH 7, 0.01 M NaCIO,, 6 g/30 mL, 24-h equillbration).

time and size range observed, the kinetics approximated
a zero-order reaction rate. Up to ~1 um, that apparent
rate was 50 nm/min (r* = 0.94) as determined by PCS.
This represents only a loose approximation due to un-
certainties concerning particle packing.

When suspended in sodium arsenate or sodium phoe-
phate solutions up to 0.01 M, the particles were stable from
pH 4 to 11, as indicated above. In addition to increasing
the pH stability region where the particles are net nega-
tively charged, the magnitude of that charge is increased
at a given pH by these multivalent anions, thus contrib-
uting to enhanced stability of the iron oxide particles over
the pH range of these experiments.

Adsorption Experiments. Arsenate adsorption on the
aquifer solids conformed to a Freundlich isotherm (Figure
8), defined by the relation

S =KCi b))

where K is the empirical distribution coefficient or solid
surface affinity term, S the steady-state concentration on
the solids (mg/kg), C; the steady-state solution concen-
tration (mg/L), and n an empirical coefficient related to
the monolayer capacity and energy of adsorption. Values
of n < 1 imply decreasing energy of sorption with in-
creasing surface coverage. The calculated K and n values,
using the linearized form of the above equation, were 5.5
and 0.73, respectively.

Arsenate adsorption data for the Fe,0; colloids were
fitted to a Langmuir isotherm (Figure 9) defined by the
relation

S = kbCe/(1 + RC) 3)
where k is the Langmuir solid surface distribution coef-
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ficient, b is the adsorption capacity, and S and C, are
defined above. An advantage of the Langmuir model is
the incorporation of the capacity term. This is important
for estimating the mass of contaminant potentially
transported by the iron oxide particles. The correlation
coefficient for the linearized Langmuir form of the above
equation was 0.97 and the adsorption capacity was esti-
mated to be 0.01 g of arsenic/g of Fe;O;. There was very
little difference in adsorption from pH 4 to 7; however, a
gradual decrease was observed with increasing pH.

Desorption experiments using arsenate-free 0.01 M
NaClO, at pH 7 indicated strong retention of the arsenate
on the Fe,0; particles, with only about 2-6% of the ad-
sorbed fraction released. Percent desorption was directly
proportional to the initial arsenate concentration, indi-
cating a decline in the energy of adsorption as the surface
became increasingly saturated with arsenate (Figure 10).
This has important implications for pump-and-treat rem-
ediation of highly contaminated sites. High initial effi-
ciency of dissolved arsenate removal will significantly
decline once concentration values are reduced below the
plateau portion of the adsorption isotherm and desorption
becomes less energetically favorable. '

Fe,0;-aquifer solid interaction experiments were per-
formed in batch mode with different colloidal suspensions
whose average size was 125 nm and particle concentration
was 10 mg/L. A total of 53% of the particles hetero-
coagulated with the aquifer material in 0.01 M NaClO,,
whereas only 4% heterocoagulated in 0.01 M NaH,PO,.
The percentage of initial particle concentration which in-
teracted with the aquifer matrix solids was determined by
difference between suspended particle activity and total
initial activity. Blanks (no aquifer material) resulted in
3% loss.



Table [I. Column Results of Colloidal Fe;O; Transport through Natural Aquifer Material

velocity, particle ionic % C, column
size, nm pH m/day concn. mg/L strength anion thru length, cm
200 3.9 3.4 - 10 0.005 Cl- 0 38
125 8.9 3.4 10 0.005 CI- 54 5.1
150 8.1 34 5 <0.001 clo, 57 3.8
250 8.1 3.4 10 0.03 S0 17 38
150 8.9 34 5 0.03 SO 14 3.8
100 7.6 3.4 3 .03 HAsQ,> 97 2.5
100 7. 1.7 5 0.03 HAsOQ* 96 25
100 7.6 0.8 5 0.03 HAsO# 93 2.5
125 7.6 34 10 0.03 HPO* 99+ 5.1
100 7.6 1.7 5 0.03 HPO> 99 2.5
100 7.6 3.4 5 0.03 HPO 99+ 2.5
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Figure 11. Breakthrough curve for dissolved arsenats versus tritiated
water, and mobilization of colloidal-associated arsenate by deionized
water. :

Dissolved Arsenate Transport Experiments. Col-
umn studies with dissolved arsenate were performed to
compare distribution factors (K;) with those derived in the
batch tests and for comparison to colloidal-facilitated
transport of arsenate on the Fe,0, particles. The column
K, roughly corresponds to the K value calculated using the
Freundlich isotherm and is determined by

Re =1+ (puKq/n) 4)

where R, is the retardation factor, p, is the bulk density,
and n is the porosity. Tritiated water was used for esti-
mating the average bulk fluid velocity.

At a column flow rate of 3.4 m/day, p, of 2.65 g/cm?,
and n of 0.4, the column K, value was 1.4 L/kg. When
the flow rate was decreased to 1.7 m/day, the column K,
value increased to 3.0 L/kg or approached those of the 24-h
equilibrated batch K values. This indicated rate-limited
adsorption onto the aquifer solids at the higher flow ve-
locities. This demonstrates the importance of making such
comparisons and not relying solely on batch sorption static
equilibrium data, especially for specific site assessment
purposes. When groundwater flow velocities are relatively
rapid, assumptions of local equilibrium may be invalid.
Flushing the columns with deionized water (low ionic
strength) significantly increased turbidity in the column
effluent due to dispersion of the aquifer fines. When the
effluent was analyzed, the almost entirely colloid associated
arsenate was determined to be approximately equal to the
influent arsenate concentration, demonstrating the po-
tential importance of this transport mechanism (Figure
11).

Colloidal Transport Experiments. The injected
Fe,0, particles generally broke through at the same time
or prior to the tritiated water (Figure 12). The rate of
colloid transport through the columns was over 21 times

Retative Pore Volwmes

Figure 12. Breaktivough curve for Fe,0, particies suspended in 0.01
M NaH,PO, and in 0.01 M Na,HASO, (pH 7.8, 3.4 m/day, 5 mg/L).
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Figure 13. One-way ANOVA: effect of size on particie breakthrough
(©, 95% confidence interval; O, comparison of means).

faster than the dissolved arsenate. A summary of repre-
sentative column resuits for the colloidal transport ex-
periments is compiled in Table II. The extent of Fe,0,
particle breakthrough was dependent upon a variety of
parameters. These parameters (Table II) were statistically
explored in detail with the SAS program JMP, using % C,
breakthrough as the response variable. Only particle size
and anion significantly affected the % C, breakthrough
(Figures 13 and 14) in these analyses. Within the different
groupings (anion, size), the means and 95% confidence
intervals are represented by horizontal lines within poly-
gons. The concentric circles are simply overlays of the 95%
confidence intervals. Combining these two parameters
(anion and size) into a two-way main effects analysis of
variance (two-way ANOVA) model accounts for 98.4% of
the variability in the particle breakthrough results. The
other factors tested gave no significant correlation over the
parameter ranges utilized in this study. This is not to say
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that the other factors were not important with respect to
colloidal transport, only that anion and particle size most
significantly affected particle breakthrough. lonic strength
and pH are obviously important factors affecting both
colloidal stability and transport. In dilute solutions of
nonspecifically bound electrolyte species a pH near the
pH,,. would preclude transport due to colloidal instability.
Likewise, relatively high concentrations of phosphate and
arsenate dramatically affect both colloidal stability (in-
crease) and transport.

No colloidal transport occurred on the positive side of
the iron oxide p. indicating electrostatic interaction
with the net negatively charged matrix material. In low
ionic strength suspensions of NaCl and NaClO,, tranaport
exceeded 50% of initial particle concentrations. These
results were in close agreement with the batch resulta
(53%) on aquifer—colloid interactions. The increased
negative surface charge on the particles in the phosphate
suspensions resulted in increased repulsion between the
Fe,O, particles and the aquifer solids. This phenomenon
permitted almost complete separation during settling in
the batch tests and resulted in almost complete throughput
in the column tests. 'I‘herewusubutantmllybmpunda
recovery of sulfate-based suspensions. The colloidal
transport experiments with the sulfate-based suspensions,
together with the results of colloidal stability experiments,
suggest less specific interaction with the Fe,O, surface
compared to arsenate and phosphate.

Mazimum percent breakthroughs occurred with phos-
phate- and arsenate-based suspensions and appeared to
be unaffected by velocity (0.8-3.4 m/day) or column
length. Likewise, no significant differences were observed
due to particle concentration. Additional experiments are
planned using longer columns to further explore particle
flow path length and velocity effects on transport. The
specific adsorption of the predominantly divalent phos-
phate and arsenate anions onto the Fe,0, surface causes
a charge reversal on the initially net positively charged
surface and an increase in interparticle separation due to
increased particle-particle repulsive forces. The effect is
a lowering of the pH,,, and an increase in net negative
charge near the pamr:re surface over a wider pH range.
This also increased the repulsion between the mobile,
negatively charged particles and the immobile, net nega-
tively charged column matrix solids. As a result, the
particles remain at a greater distance from the pore walls
in the column matrix, where fluid velocity is higher. This
charge exclusion, in addition to size-exclusion phenomena,
may explain the early breakthrough of the colloids relative
to the tritiated water. A comparison of colloidal break-
through between phosphate and chloride suspensions is
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shown in Figure 15. A greater exclusion volume is indi-
cated where the only difference is the anionic composition
of the supporting electrolyte.

Given a groundwater containing 20 mg/L suspended
colloidal solids, of surface area and reactivity comparable
to these Fe,O; particles, approximately 0.1 mg/L arsenic
could be colloidally transported under hydrogeochemical
conditions represented by the 0.01 M NaClO, and 0.01 M
NaCl suspension results described above. This is twice the
current maximum contaminant level (MCL) currently set
for drinking water. The reactivity of these model colloids
compares favorably with some of the more ubiquitous
subsurface minerals. Anderson et al. (28) determined
aluminum hydroxide capacity for arsenate to be as high
as 0.12 g/g. Hingston et al. (29) found the arsenate ad-
sorption capacity for goethite to be on the order of 0.012
g/g. In addition, while this approximates the suspended
solids concentration observed at the Arizona site it is only
one-third the concentration observed at some other sites
4, 14).

Summary and Conclusions

Transport of inorganic colloids through sand and gravel
type aquifers may be significant under certain hydrogeo-
chemical conditions. Due to the high reactivity of many
inorganic particles in natural subsurface systems there is
the potential that this form of contaminant transport may
be important at select sites. Colloidal transport will be
influenced by the following: ionic strength, ionic compo-
sition, flow velocity, quantity, nature, and size of suspended
colloids, geologic composition and structure, and ground-
water chemistry. The most significant of these factors
under the conditions investigated in these column exper-
iments were ionic composition and particle size. In some
cases, neglecting colloidal mobility in our predictive con-
taminant transport models may underestimate both the



transport rate and mass flux. Chemical parameters af-
fecting colloidal stability and transport must be included
in transport modeling along with physical parameters (such
as pore size distribution, colloidal density and size, and flow
velocity).
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